Renal cell carcinoma (RCC) clusters in some families. Familial RCC arises from mutations in several genes, including the von Hippel-Lindau (VHL) tumor suppressor, which is also mutated in sporadic RCC. However, a significant percentage of familial RCC remains unexplained. Recently, we discovered that the BRCA1-associated protein-1 (BAP1) gene is mutated in sporadic RCC. The BAP1 gene encodes a nuclear deubiquitinase and appears to be a classic two-hit tumor suppressor gene. Somatic BAP1 mutations are associated with high-grade, clear-cell RCC (ccRCC) and poor patient outcomes. To determine whether BAP1 predisposes to familial RCC, the BAP1 gene was sequenced in 83 unrelated probands with unexplained familial RCC. Interestingly, a novel variant (c.41T>A; p.L14H) was uncovered that cosegregated with the RCC phenotype. The p.L14H variant targets a highly conserved residue in the catalytic domain, which is frequently targeted by missense mutations. The family with the novel BAP1 variant was characterized by early-onset ccRCC, occasionally of high Fuhrman grade, and lacked other features that typify VHL syndrome. These findings suggest that BAP1 is an early-onset familial RCC predisposing gene.
Introduction
Approximately 5% of all renal cell carcinoma (RCC) is familial (1). Several genes, including VHL, MET, FLCN, FH and genes encoding the succinate dehydrogenase (SDH) subunits B/C/D have been identified as causative (2) (3) (4) . However, the genetic basis of a significant percentage of familial RCC remains unknown. There is precedent for genes mutated in the germline (i.e., VHL) that are also mutated in the sporadic setting, and thus somatically mutated genes may explain familial RCC if mutated in the germline.
BAP1 (BRCA1 associated protein-1) is a tumor suppressor gene that encodes a nuclear deubiquitinase (5) (6) (7) . BAP1 functions as a classic two-hit tumor suppressor gene and is somatically mutated in uveal melanoma and mesothelioma (8, 9) . Somatic mutations in BAP1 have also been recently identified in RCC of clear cell type (ccRCC; refs. 10, 11). We found that BAP1 is inactivated in approximately 15% of sporadic ccRCCs, and that BAP1 mutations are associated with high Fuhrman grade and poor patient survival (11, 12) .
Materials and Methods

Patient samples
Eighty-three unrelated individuals with a predisposition to RCC defined as early-onset RCC, multifocal or bilateral tumors, and/or a family history of RCC were analyzed. Peripheral blood samples were obtained from UT Southwestern Medical Center (UTSW, Dallas, TX; n ¼ 6), UT Health Science Center at San Antonio (UTHSCSA, San Antonio, TX; n ¼ 4), Cleveland Clinic DNA extraction and BAP1 sequencing Germline DNA extraction (UTSW samples) and sequencing were conducted as previously described (11) . For BAP1 loss of heterozygosity (LOH) studies, DNA from fresh frozen (or microdissected formalin-fixed paraffinembedded) tumor tissue was extracted using Maxwell 16 Tissue DNA Purification Kit or Maxwell 16 FFPE Tissue LEV DNA Purification Kit (Promega). Redesigned BAP1 primers were used for PCR amplification and sequencing of microdissected tumor DNA: forward primer 5 0 -GCCTGCCTGACCATCACC and reverse primer 5 0 -AAGGAAAGCAGTAGGGAAGGA.
BAP1 immunohistochemistry
Five micron formalin-fixed paraffin-embedded sections were deparaffinized and blocked with methanol-30% H 2 O 2 . After antigen retrieval by boiling in citrate buffer, slides were incubated with monoclonal anti-BAP1 antibody (C-4; Santa Cruz Biotechnology) diluted 1/150. Then, slides were immunostained with avidin-biotin-peroxidase complex and developed with diaminobenzidine. Harris hematoxylin was used to counterstain the slides. Nonimmune mouse immunoglobulin was used as a negative control. Expression was evaluated as positive or negative. Staining was considered positive when more than 10% of the nuclei showed immunoreaction.
Results and Discussion
During studies that led to the discovery of somatic BAP1 mutations in ccRCC, a germline variant (c.121G>A; p. G41S) was identified in one individual (II:1) that had two first-degree and a second-degree relative with RCC and who had previously tested negative for a VHL mutation (Supplementary Fig. S1 ; ref. 11). The variant (c.121G>A; p. G41S) was not found in the 1000 Genomes Project (13) . However, cosegregation studies suggested that it was not responsible for the cancer predisposition in this family ( Supplementary Fig. S1 ). Nevertheless, BAP1 mutations have been previously observed in the germline where they predispose to uveal and cutaneous melanoma as well as mesothelioma (14) (15) (16) (17) (18) . Some of these families also exhibited other tumor types, although at much lower frequencies, including RCC (16, 17) . On the basis of the somatic and germline associations of BAP1 mutations and RCC, we sought to determine whether germline BAP1 mutations were associated with familial RCC.
We examined 83 unrelated probands with familial RCC. Phenotypic information is summarized in Table 1 . The samples were predominantly from Caucasian individuals of non-Hispanic origin. The mean age at diagnosis was 52.5 years. Twenty-two percent of the individuals had bilateral tumors, and RCC was multifocal in 31% of the individuals. Ninety-three percent of the individuals examined had RCC of clear cell type. The mean size of the largest tumor in each individual was 5 cm. Most of these tumors were pT1 (66%) and more than 75% were of low Fuhrman nuclear grade (Grade 1-2). Lymph node and distant metastases were rare (13% and 19%, respectively). Other primary tumors reported in probands included those of the breast, thyroid, and prostate. Sixty-six percent of the individuals had at least one first-degree relative with RCC, and 37% had at least one second-degree relative with the disease. Individuals in this cohort had been previously evaluated for mutations in other RCC predisposition genes. Forty-one percent had been evaluated for germline VHL mutations and had tested negative. A similar percentage had tested negative for germline mutation of the SDH complex genes. Thirty-one percent of the individuals had tested negative for germline PTEN mutations. Fewer individuals had been screened for germline mutations in a variety of other genes including BRCA1, BRCA2, MET, FLCN, FH, TSC1, and TSC2. In all patients, the cause of the familial RCC predisposition remained unknown.
We sequenced the BAP1 gene in peripheral blood DNA from the 83 probands. The coding sequence and intron/ exon junctions were analyzed by Sanger sequencing as previously described (11) . One out of the 83 DNA samples failed to sequence. Among the rest, a high-quality sequence Figure 1 . Family NCI-1326: an early-onset, aggressive form of bilateral, multifocal solid and cystic clear cell kidney cancer. Pedigree from familial renal cancer kindred NCI-1326. The proband IV:1 was initially diagnosed with kidney cancer at the age of 44 years. Individual IV:4 was diagnosed with RCC at the age of 40 years and individual IV:6 died of metastatic RCC at the age of 36 years. Individuals II:1 and III:4 died of metastatic RCC at 48 and 58 years of age, respectively. Two individuals with a history of RCC for whom samples were available (IV:1 and IV:4) had a germline BAP1 variant. Two other individuals (IV:3 and IV:5) who were screened with abdominal imaging and were found to have no evidence of RCC, were negative for the germline BAP1 gene variant. Individual IV:2 (omitted from pedigree) is the spouse of IV:1. tracing in at least one direction was obtained for 100% of amplicons. Only two samples were detected with germline variants. A germline missense variant (c.869A>G; p.N290S) was found in a UTSW female with unilateral, unifocal ccRCC diagnosed at the age of 24 years who had previously tested negative for germline mutations in VHL. The variant was predicted to be benign by PolyPhen-2 (19), and conservation studies across species showed that the corresponding asparagine was replaced by a serine in some species. Thus, the variant was not analyzed further.
A second germline missense variant (c.41T>A; p.L14H) was detected in an NCI proband. This individual belonged to family NCI-1326, which included 5 individuals diagnosed with RCC. This kindred is characterized by earlyonset and aggressive ccRCC. Of the 5 affected members, 3 died of metastatic kidney cancer at 36, 48, and 58 years of age (Fig. 1) . The proband (IV:1) underwent a right radical nephrectomy for a multifocal RCC at the age of 44 years at an outside hospital. Pathologic evaluation revealed an 8.0 cm solid, high-grade (Fuhrman nuclear grade 3) ccRCC as well as 3 additional smaller cystic lesions with clear cell kidney cancer. In addition, an angiomyolipoma and a renal medullary fibroma were found. Because of the family history and multifocality, the patient was referred to NCI.
To determine the genetic basis of the RCC predisposition in this family, the proband was evaluated at the NCI for germline mutations of the following genes: VHL, MET, FLCN, TSC1, TSC2, SDHB, SDHC, SDHD, and FH. No germline mutations were detected in any of these genes. In addition, germline chromosome 3 translocation familial renal carcinoma (20) was excluded by karyotype analysis.
At the NCI, the proband underwent the first of the three left partial nephrectomies at the age of 46 years. At that time, he had a resection of a 3 cm ccRCC that was found to be Fuhrman grade 3, a 1.5 cm ccRCC (also Fuhrman grade 3), and a 2 cm atypical cyst with clear cell lining (Fig. 2) . Subsequently, the patient underwent active surveillance for 8 years at which point surgical intervention was recommended because of tumor growth (Fig. 3A) . At the age of 54 years, when his largest renal tumor had reached 3.46 cm, he underwent a second left partial nephrectomy with removal of a ccRCC (Fuhrman grade 2) and 3 renal cysts, 2 of which were lined by "atypical clear cells" (Fig. 4A-C) . The patient was then managed by active surveillance for almost 4 years. During this time, a tumor grew to 3.7 cm (Fig. 3B) necessitating a third left partial nephrectomy at the age of 57 years with removal of 4 separate ccRCCs (3 Fuhrman grade 2 and 1 Fuhrman grade 3) as well as a renal cyst. At his most current evaluation in May 2012, he had excellent renal function and was without evidence of metastatic disease.
Because of the family history, individual IV:4 underwent screening and a central mass was detected in her right kidney at the age of 40 years for which she underwent a right radical nephrectomy. This tumor was a 3.8 cm ccRCC, Fuhrman grade 2. Twelve years after the operation, she remains without evidence of disease. Individual IV:6 presented at the age of 36 years with metastatic RCC and died a short time later. Given the finding of a BAP1 missense germline variant (c.41T>A, p.L14H) in individual IV:1, we conducted cosegregation studies. This variant was not found in dbSNP137, Sanger Institute Catalogue of Somatic Mutations in Cancer (COSMIC; ref. 21 ), or 1000 Genomes Project databases (13) . The same variant was found in germline DNA from affected individual IV:4 (Fig. 5A) . In contrast, no germline BAP1 variant was detected in unaffected individuals IV:3 and IV:5 (Fig. 5A) . No DNA could be obtained for individual IV:6 who had died. Thus, the BAP1 c.41T>A The BAP1 variant (p.L14H) maps to the catalytic domain, a domain that is a frequent site of pathogenic missense mutations. Somatic mutations in the ubiquitin C-terminal hydrolase (UCH) domain have been reported in several RCC studies as well as in COSMIC and the Kidney Renal Cell Carcinoma (KIRC) dataset produced by The Cancer Genome Atlas (TCGA) (Fig. 6A; refs. 11, 21, 24 ). Leucine 14 is highly conserved (Fig. 6B ) and along with previously reported RCC mutations in neighboring residues, L14H is predicted to be deleterious by Protein Variation Effect Analyzer (PROVEAN), Sorting Intolerant from Tolerant (SIFT), and PolyPhen-2 prediction tools ( Fig. 6C;  refs. 19, 25, 26) .
We previously constructed a BAP1 structural model based on the related family members Uch-L3 and Uch37 (11) . Leucine 14 maps to the first helix of the UCH domain and is physically adjacent to two previously identified residues subject to pathogenic RCC mutations, p.G13V and p. H144N (Fig. 6D) . The leucine 14 side chain in the paralogue UCH-L3 helps organize a crossover loop and other flexible portions of the UCH domain that order upon ubiquitin binding, and forms a portion of the interaction surface for the ULD tail (27) . Mutation of this residue to histidine is predicted to increase the effective volume of the side chain, possibly causing steric clashes with surrounding residues, and may prevent productive ubiquitin binding (Fig. 6D) .
BAP1 is a two-hit tumor suppressor gene, and we conducted studies for LOH. Three tumors (including 2 samples from different regions of 1 tumor) were examined from the proband. DNA was extracted from the different tumors and sequenced for the BAP1 variant (c.41T>A). Two samples from a surgery in 2008 showed clear LOH (Fig. 5B, Tumors  1a and 1b) . From a surgery in 2012, 2 tumors were examined. One did not show appreciable LOH, possibly due to contamination by nonmalignant cells or the acquisition of a somatic mutation in the other BAP1 allele (Tumor 4, data not shown). Enrichment of the mutant allele relative to the wild-type allele was observed in the other tumor from the proband's 2012 surgery (Fig. 5B, Tumor 3) . In addition, a tumor was evaluated from individual IV:4. This tumor also showed enrichment of the mutant allele consistent with LOH (Fig. 5B , IV:4 Tumor 1). In addition, BAP1 protein expression in the tumors was investigated by immunohistochemistry. Immunohistochemical staining was negative for BAP1 protein in the tumor from individual IV:4 ( Fig. 7 and insert A) and Tumors 3 and 4 from the proband (data not shown). For reference, nuclear BAP1 staining was observed in the normal adjacent epithelium (Fig. 7, asterisk  and insert B) . All the tumors examined, including Tumor 4 that failed to show LOH at the DNA level, were negative for BAP1 by immunohistochemistry. Thus, the immunohistochemical data confirm loss of BAP1 protein and provide further evidence for "two-hit" inactivation of BAP1 in the tumors from this family. Given that BAP1 loss by IHC is observed in 15% of sporadic ccRCC (11) , the probability that all 3 tumors would be BAP1 negative by chance alone is 0.0034. These data are most consistent with the notion that (1) p.L14H is a causative mutation, (2) p.L14H abrogates protein expression in tumors, and (3) mutations abolishing expression of the second allele are uniformly present. Previous VHL mutation testing of germline DNA from the proband of family NCI-1326 was negative. However, the VHL and BAP1 genes are both on chromosome 3p so we asked whether somatic mutations in VHL could be detected in the tumors. VHL mutation analysis (Supplementary Materials and Methods) showed VHL mutation in some tumors (IV:1, Tumor 1 and IV:4, Tumor 1), but not in others (IV:1, Tumors 3 and 4; Supplementary Fig.  S2 and data not shown). Thus, mutations in VHL and BAP1 may cooperate in the development of at least some tumors.
Together, these data suggest that the novel BAP1 p.L14H missense variant is the cause of the underlying cancer phenotype in the family described. First, the variant cosegregated with the RCC phenotype. Second, the variant targets the catalytic domain, which is a common site of missense mutations including pathogenic somatically-acquired mutations in neighboring residues pG13V and p.H144N. Third, L14 is highly conserved across species, and in silico analyses suggest that a histidine substitution at this position precludes productive ubiquitin binding. Fourth, consistent with BAP1 function as a two-hit tumor suppressor gene, the variant was associated with LOH in tumors from the proband and an affected sister by DNA sequence analysis. Finally, albeit indirectly, the absence of BAP1 protein, by immunohistochemistry in all tumors examined, suggests that the BAP1 p.L14H variant abrogates protein expression. Furthermore, these findings confirm that even in the samples in which LOH was not observed, BAP1 function was lost.
Although it is not possible to generalize from a single kindred, our data suggest that BAP1 mutations will be found, albeit infrequently, in familial RCC, and thus, it seems fitting to comment on the phenotypic aspects of the family we report. The family in which the novel p.L14H variant cosegregated with RCC showed a cancer phenotype characterized by an early-onset, aggressive form of ccRCC. The proband is noted to have had bilateral, multifocal disease with multiple solid and cystic lesions with a rapid rate of growth. Individual IV:6 died of early-onset metastatic disease at the age of 36. Two other individuals (II:1 and III:4) died of metastatic RCC at 48 and 58 years of age, respectively. Another family member, who inherited the p.L14H variant, developed early-onset ccRCC at the age of 40 years. Overall, this is consistent with our previous research findings, which have shown an association of BAP1 loss with high tumor grade and poor survival (11, 12) . In addition, other studies have correlated BAP1 loss with metastases in other BAP1-associated cancers, particularly uveal melanoma (9) . Taken together, these observations support the idea that germline BAP1 mutations may be associated with aggressive familial ccRCC.
The NCI-1326 family kidney cancer phenotype is, in some ways, similar to the von Hippel-Lindau (VHL) phenotype, that is, the presence of bilateral, multifocal clear cell tumors and cysts, and tumors within cysts. However, the kidney cancer phenotype in this family seems to differ from the typical VHL phenotype in several ways. The renal tumors in proband IV:1 grew faster than might have normally been expected in a patient with VHL. In the experience at NCI, the average growth rate of VHL-associated RCC is 3 mm per year, which is consistent with the growth rate of sporadic small renal masses (28) . In addition, there are a number of high Fuhrman grade ccRCCs in this family, which are uncommonly seen in VHL tumors, particularly those less than 3 cm in size.
There are several clinical implications for the physician when determining a differential diagnosis for germline genetic analysis. Our findings and the fact that somatic BAP1 mutations are often associated with ccRCC of high grade may encourage clinicians to look for these features when deciding whether to proceed with germline BAP1 mutation analysis. Identifying cues associated with germline BAP1 mutation will be important as these mutations are rare. In addition, our family (although not all individuals) displayed a cancer phenotype that was noted to be "VHL-like" with bilateral, multifocal disease and multiple renal cysts. Thus, clinicians may consider BAP1 analysis for individuals who test negative for germline VHL mutations and display a more "aggressive" phenotype that lacks other VHL hallmark findings such as hemangioblastomas, pancreatic cysts, and pheochromocytomas.
Before this report, germline BAP1 mutations were reported to predispose to several additional cancers including uveal and cutaneous melanoma and mesothelioma (14) (15) (16) (17) . However, other tumor types have been found in these pedigrees such as lung carcinomas, meningiomas, and cholangiocarcinomas (14, (16) (17) (18) 29) . We did not observe any of these cancers in our family. The reason for this is unclear. However, these data are in keeping with the previous literature in which, initially, BAP1 germline mutations were associated with two clinically distinct syndromes of familial melanoma and mesothelioma (17, 18) . These separate A B cancer phenotypes were later shown to overlap (29, 30) . As germline BAP1 mutation families continue to be described, the phenotype may be clarified. No clear genotype/phenotype correlation has been observed, and familial mutations frequently result in early truncation of the BAP1 protein (14, 15, 17, 18, 29, 31, 32) . It seems plausible that germline BAP1 mutations produce a cancer susceptibility syndrome in which the penetrance of each given feature (RCC, melanoma, or mesothelioma) depends upon additional environmental or genetic factors. Nevertheless, the presence of other BAP1-associated malignancies in RCC families may increase suspicion for a germline BAP1 mutation.
Although germline BAP1 mutations may predispose to RCC, the frequency of these mutations is low but in keeping with that of other studies. For comparison, several other studies describing germline BAP1 mutations in a variety of cohorts describe an overall germline frequency of approximately 3.8% (range of 1.9% in a group of individuals with uveal melanoma to 8.0% in a subset of apparent sporadic mesotheliomas; refs. [14] [15] [16] [17] 30) . Overall, these data show that germline BAP1 mutations predispose to several tumor types, and the degree of tumor susceptibility conferred by BAP1 mutation may vary across tissues.
There are several limitations to this study. First, among the 82 probands successfully evaluated, only one significant BAP1 variant was found. Second, the functional significance of p. L14H remains to be examined. Third, cosegregation studies could be conducted in just 4 individuals and the LOD score is low. However, given the loss of BAP1 protein by IHC in all tumors examined (n ¼ 3) and a probability that this finding would be from chance alone of 0.0034, our results strongly suggest that the variant identified is responsible for the RCC predisposition observed.
In conclusion, we report for the first time a BAP1 germline missense variant predisposing to familial, early-onset, aggressive ccRCC. Our data suggest that BAP1 may be the causative gene for renal tumor development in a subset of patients with inherited kidney cancer, although the frequency of BAP1 gene mutations in RCC families seems to be low.
